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A B S T R A C T

Spatial organization of DNA within the nucleus is important for controlling DNA replication and repair, genetic
recombination, and gene expression. Here, we present CRISPR-PIN, a CRISPR/dCas9-based tool that allows
control of gene Position in the Nucleus for the yeast Saccharomyces cerevisiae. This approach utilizes a cohesin-
dockerin interaction between dCas9 and a perinuclear protein. In doing so, we demonstrate that a single gRNA
can enable programmable interaction of nuclear DNA with the nuclear periphery. We demonstrate the utility of
this approach for two applications: the controlled segregation of an acentric plasmid and the re-localization of
five endogenous loci. In both cases, we obtain results on par with prior reports using traditional, more cum-
bersome genetic systems. Thus, CRISPR-PIN offers the opportunity for future studies of chromosome biology and
gene localization.

1. Introduction

The eukaryotic nucleus introduces an additional level of organiza-
tion and control of gene expression not seen in prokaryotic counter-
parts. This temporal and spatial organization, along with coordination
of cis-regulatory elements and trans-acting factors, ensures accurate
nuclear events including DNA replication and repair, homologous re-
combination, and gene expression [1,2]. Elucidating and manipulating
the three-dimensional architecture of the nucleus can thus play a sig-
nificant role in understanding overall function. In analogous protein
counterparts, primary sequence can provide information on motifs and
homology [3] and secondary structure provides information on local
structural features (like helices and sheets), whereas tertiary and qua-
ternary structure provide an elucidated picture of distal site interac-
tions, enzyme active sites, and allostery [4–6]. A similar picture is
evident with DNA sequence-structure space with respect to gene ex-
pression. While primary sequence can provide information on key
transcription factor binding sites [7] and secondary structure can be
used to understand nucleosome and chromatin interactions with pro-
moters and terminators [8–10], tertiary structure in the genome can
provide a much more lucid picture of gene expression [11,12]. For
instance, the localization of galactose-inducible GAL1 to the nuclear

pore complex (NPC) has been shown to be both necessary and sufficient
to dampen its induction in galactose and ensure rapid repression when
transferred to glucose [13]. It has also recently been demonstrated that
disruption of genes responsible for anchoring telomeres to the nuclear
envelope (YKU70 and ESC1) causes misregulation of 60 genes, high-
lighting the utmost importance of nuclear localization in controlling
gene expression for subtelomeric genes in particular [14]. Towards
greater understanding, a few genetic tools have been used to study the
impact of chromosome organization at the nuclear periphery, especially
for the case of interrogating spatial effects on gene expression at the
single gene [15–18] or chromosome level [19] and in enabling acentric
plasmid segregation [20,21]. However, new synthetic tools that enable
programmable spatial organization of chromosomes would help pro-
gress future studies into these phenomena.

The vast majority of work in the field relies on TetO-TetR, LacO-
LacI, or LexA-LexA binding site based tethering of DNA [16,18,20,21].
However, these approaches are severely limited in scale and scope for a
number of reasons. First, the initial construction and genomic integra-
tion of repetitive TetO or LacO arrays to tether loci using TetR or LacI
(respectively) is time-consuming, remains difficult using standard
cloning methods in recombinase-proficient bacteria, and causes
genomic instability in the host organism [21]. Second, it is highly
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laborious to localize multiple genetic loci to the same spot, as each
genetic locus must be pre-modified to incorporate a TetO/LacO array.
Third, sizable integrated arrays can introduce a rather large perturba-
tion to DNA structure and function. Thus, new synthetic tools are re-
quired that can program genome localization without the need for
large, repetitive sequence elements or other genome modifications.

To address these challenges, we present a new synthetic approach
based on the widely used CRISPR/dCas9-system that can enable gene
positioning in the nucleus (CRISPR-PIN). Specifically, we utilize the
cohesin and dockerin interaction to link together a dCas9 protein fused
to a cohesin domain with a nuclear membrane protein tagged with
dockerin. In such a manner, expression of a guide RNA (gRNA) enables
specific re-localization of a genomic locus to the nuclear periphery. This
method enables facile and non-invasive control of chromosome orga-
nization as it solely requires expression of dCas9 coupled to a cohesin
domain, a gRNA, and a nuclear protein fused with a dockerin domain.
Each of these elements can be encoded within a simple plasmid. While
similar to a recently published approach for CRISPR-mediated gene
positioning [22], CRISPR-PIN offers 3 unique differences: 1) dCas9 and
sgRNA are both expressed from a plasmid, allowing easy localization
without the need for stable integration and expression, 2) CRISPR-PIN
relies on a constitutive cohesin-dockerin interaction, mitigating the
need for chemical inducers, and 3) CRISPR-PIN is the first technique to
allow control over gene positioning in yeast, an important eukaryotic
model. After demonstrating that all parts of the CRISPR-PIN system are
functional, we investigate two case studies. First, we demonstrate the
successful localization and segregation of an acentric plasmid (a
plasmid lacking centromere). Second, we demonstrate the successful
reorganization of chromosomal gene positions. In both cases, the results
obtained here match those obtained using traditional TetR and LexA
DNA binding methods reported in the literature. Thus, this work
showcases the first usage of a CRISPR/dCas9 system for control of
chromosome spatial organization and gene position in yeast.

2. Methods

2.1. Strains, media, and culture conditions

E. coli DH10β was used for all molecular cloning except for plasmids
containing the LacO or TetO array, which were carried with MAX
Efficiency® Stbl2™ (Invitrogen) and NEB® Stable Competent E. coli (New
England BioLabs Inc.), respectively. LB medium containing 50 μgmL−1

of ampicillin was used to grow DH10β while SOC medium was used to
grow Stbl2 and Stable Competent cells. DH10β cells were grown at
37 °C while Stbl2 and Stable Competent cells were grown at 30 °C.

S. cerevisiae strains used in this study are listed in Tables S1–2. All
modified yeast strains were isogenic to BY4741. Yeast rich medium
(YPD) and synthetic complete medium (SD) containing 0.67% yeast
nitrogen base, complete supplement mixture (CSM) with appropriate
dropout, and 2% glucose were used to culture yeast.

2.2. Plasmid and yeast strain construction

Plasmids used in this study are listed in Table S3. Cloning techni-
ques including Gibson assembly and yeast recombination were used to
assemble DNA fragments into the vectors. Promoters (HXT3, ENO1, and
TEF1), genes (HXK1, ABP1, IDI1, SAC7, and SCO2) and terminators
(ADH1 and PRM9) were amplified from yeast genomic DNA. dCas9 of S.
pyogenes was amplified from pAL115 while SNR52 promoter and SUP4
terminator were amplified from pAL279. YFP, and cohesin and dock-
erin of C. thermocellum were amplified from pAL22. mCherry was am-
plified from pAL13. BFP gene was synthesized by IDT, and the sequence
is provided in Table S4. TetO and LacO arrays were obtained from
pAL15 and pAL37, respectively. TetR and LacI sequences were acquired
from pAL32 and pAL124, respectively. gRNA sequences used for tar-
geting of BFP were included in Table S5.

Yeast strains were established by methods including CRISPR/Cas9-
mediated markerless integration, PCR-mediated epitope tagging with
the selection marker, and integration of linearized yeast-integrating
vectors. For integration of cargo fragments, 50 bp homologous se-
quences were used for genetic recombination. To construct YS235,
mCherry-CYC1t-MET15 amplified from pAL205 was tagged to 3′ end of
NUP49. To construct YS229 and YS251, PHIS3-GFP-LacI amplified from
pAL124 and PLEU2-TetR-YFP amplified from pAL32 were integrated to
TRP1 site of YS235 individually. To construct YS476, YS527, YS533,
YS535, and YS537, linearized plasmids of pAL476, pAL527, pAL533,
pAL535, and pAL537 were integrated to the genomic loci of HXK1,
ABP1, IDI1, SAC7, and SCO2, respectively. To construct YS258, PTEF1-
BFP-TPRM9 amplified from pAL215 was inserted to YPL062W site, and
the linearized pAL244 was integrated on the 3’ of the expression cas-
sette. All linearization of integrating plasmids was carried out on a
unique restriction site in the genes. All genomic modifications were
confirmed by colony PCR.

2.3. Confocal microscopy analysis

Yeast strains for confocal analysis were inoculated from glycerol
stocks into 1mL of SD -URA medium and grown for 24 h in a 96-well
deep well plate at 30 °C. After 24 h, cells with an initial OD600 of 0.05
were transferred to 1mL of fresh SD – URA in the same plate and grown
for additional 20 h at 30 °C. To prepare samples for imaging, 300 μL of
the cell culture was spun down, 270 μL of the supernatant was removed,
and cells were resuspended with the residual medium. Finally 1 μL
suspension was mounted on the slide for imaging.

Cells were imaged by Zeiss LSM 710 confocal microscopy equipped
with a Plan-Apo 63X/1.4 Oil DIC M27 objective lens, and Zen software.
GFP, YFP, and mCherry were excited with lasers at 488 nm, 514 nm,
and 561 nm and emitted in the ranges of bandpass at 485–621 nm,
519–583 nm, and 582–754 nm, respectively. Z-stack acquisition was
used to cover the entire nuclear volume, in which over 7 slices with an
interval of 0.41 μm were harvested. Nuclear localization of genes was
determined by images that displayed clear nuclear morphology and
gene position.

2.4. Plasmid stability test

Cells were grown overnight in SD –U –H medium at 30 °C. Next day
the cultures were diluted 1:50 to YPD medium and grown for 9 h at
30 °C. Cells were then washed with either SD –U –H or SD –U twice and
roughly 500 cells were plated on the SD plates with the same nutrient
dropout. Three independent plates were analyzed for each strain.
Images of plates were taken after formation of appropriate colony sizes,
and the number of colonies formed was quantified by ImageJ. Plasmid
stability measures the percentage of cells containing the acentric plas-
mids after non-selective growth, which is defined as the number of
colonies formed on selective SD –U –H plates divided by the number of
colonies on non-selective SD –U plates.

2.5. Spot assay

The same strains used for the plasmid stability test were used for the
spot assay. Cells were grown overnight in SD –URA –HIS at 30 °C. Next
day, cell density was measured and 0.8 OD600 cells were resuspended in
the same medium. The cell suspension was serially diluted by 10-fold,
and four concentrations were prepared for the assay. Three microliter
cells of each suspension were spotted on SD –URA –HIS plates and
grown at 30 °C until reaching appropriate colony sizes. The image was
taken by Molecular Imager® Gel Doc (BIO-RAD).

2.6. Statistical analysis

To measure statistical significance between no gRNA controls and
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gRNA expressed, Welch's independent 2-sample t-test was run using
SAS software (SAS Institute, Cary, NC). For all t-tests each sample was
assumed to be normal and independently sampled. For Fig. 2, ANOVA
was first run to confirm statistical difference between the strains and
then four pairwise 2-sample t-tests were run with a Bonferroni correc-
tion.

3. Results and discussion

3.1. Re-localization of dCas9 to the nuclear periphery using a cohesin-
dockerin interaction

Our first goal was to construct a system that would allow tethering
of dCas9 to the nuclear periphery via protein-protein interactions. To
establish this system, we chose the endonuclease-null version of
Streptococcus pyogenes Cas9 (dCas9) [23] and confirmed that hetero-
logous expression of dCas9 fused with a nuclear localization sequence
(NLS) results in nucleoplasmic localization (Fig. S1). In this study, we
opted to localize genes to the nuclear periphery through interactions
with the nuclear membrane protein, Esc1p. To do so, we made use of a
synthetic protein scaffold consisting of cohesin (Coh) and dockerin
(Doc) from Clostridium thermocellum, an interaction previously used to
localize enzymes to the surface of lipid droplets [24]. Here, we adapted
this strategy by enabling an interaction between a dCas9 protein fused
with Coh and the nuclear membrane protein Esc1p fused with Doc. We
visualized the interaction and resulting nuclear localization of the
proteins by also fusing a yellow fluorescent protein (YFP) to the middle
of dCas9-Coh and mCherry at the C-terminus of Esc1-Doc (Fig. 1a).
Confocal microscopy analysis of both Esc1-mCherry (control) and Esc1-
Doc-mCherry showed ring-like structures, indicating proper localiza-
tion at the nuclear periphery. When both dCas9-YFP-Coh and EscI-Doc-
mCherry were co-expressed, microscopy uncovers overlapping fluor-
escent rings indicative of co-localization at the nuclear periphery. In
contrast, in the absence of fused Doc, dCas9 was found to be nucleo-
plasmic (Fig. 1b). Finally, we found that the inheritance pattern of
dCas9-YFP-Coh from mother to daughter cells followed the same pat-
tern as Esc1-Doc-mCherry (Fig. S2), indicative of a strong association

between dCas9 and Esc1. For simplicity, we use the term “CRISPR-PIN”
in the remainder of this work to describe the involvement of dCas9-Coh
and Esc1-Doc, even though we envision many other such interactions
between dCas9 and other nuclear proteins at the periphery and pore.

3.2. Re-localization and segregation of an acentric plasmid using CRISPR-
PIN

After establishing an approach to localize dCas9-Coh to the nuclear
periphery, we next sought to demonstrate that the tripartite interaction
between dCas9, gRNA, and DNA can be used to localize desired DNA
and result in a concurrent phenotypic change. Previous work suggests
that acentric plasmids can be specifically segregated to daughter cells
via association with the nuclear envelope [25]. Here, we challenged our
CRISPR-PIN approach to artificially tether an acentric plasmid to the
nuclear envelope in an effort to enabled synthetic plasmid maintenance
in the cell.

We utilized a traditional LacO/LacI array to visualize the localiza-
tion of the acentric plasmid in the nucleus. Specifically, by cloning the
LacO array onto the plasmid and co-expressing the LacI transcriptional
repressor fused to GFP (GFP-LacI), we were able to track plasmid lo-
calization via confocal microscopy. Next, we defined the boundary of
the nuclear envelope through expressing a nuclear pore complex pro-
tein (Nup49p) fused with mCherry (Nup49-mCherry). Finally, we de-
fined perinuclear localization of the acentric plasmid as the case when
the fluorescent signal from GFP-LacI overlapped with the Nup49-
mCherry signal. Using the CRISPR-PIN approach, we expressed dCas9-
Coh and Esc1-Doc as well as a gRNA targeting the acentric plasmid and
obtained 62.6 ± 1.0% (standard deviation) perinuclear plasmid loca-
lization, while the no gRNA control only exhibited 44.5 ± 3.2% peri-
nuclear localization (Fig. 1c and d). While the no gRNA control main-
tained a somewhat high level of perinuclear localization, we
hypothesize that this is due to the large surface area of the nuclear
periphery relative to the nucleoplasm and note that most constructs
tested in our study were randomly localized at the nuclear periphery in
roughly 30–50% of cells.

To test the phenotypic response of this localization, we conducted a

Fig. 1. Development of CRISPR-dCas9-based gene
positioning in the nucleus (CRISPR-PIN). (a) A
schematic diagram showing the strategy to localize
dCas9 (Streptococcus pyogenes) to the yeast nuclear
periphery. Abbreviations: NPC, nuclear pore com-
plex; Coh, cohesin; Doc, dockerin; and YFP, yellow
fluorescent protein. (b) Confocal microscopy analysis
nuclear localization of dCas9-Coh. Esc1 is a peri-
nuclear membrane protein. Scale bar: 2 μm. (c) A
schematic diagram showing the design of perinuclear
organization of the acentric plasmid. Abbreviations:
ARSH4, autonomous replicating sequence; TEF1p,
TEF1 promoter; BFP, blue fluorescent protein;
PRM9t, PRM9 terminator; LacO: lac operator. (d)
Confocal microscopy analysis and quantification of
nuclear localization of the acentric plasmid. The
acentric plasmid localization is visualized via ex-
pression of GFP-LacI, which binds to the LacO array.
(e) Quantification of localization is compared based
on image analysis similar to (d). Abbreviations: LacI,
lac repressor; and mCh, mCherry. n represents
number of counted cells from three independent
samples (n = 3), and data are shown in mean and
standard deviation. *P < 0.05, **P < 0.01,
***P < 0.001 by Welch's independent 2-sample t-
test. Scale bar: 2 μm.
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series of plasmid segregation tests. These tests were conducted along-
side a positive control plasmid containing a full CEN sequence.
Auxotrophic markers of HIS3 and URA3 were used to select cells har-
boring the acentric (and control) and CRISPR-PIN plasmids, respec-
tively. Overnight cultures were transferred into rich medium to test for
plasmid stability and loss. After a period of 9 h, we evaluated the effi-
cacy of CRISPR-PIN to segregate the acentric plasmid and provide mi-
totic stability of the plasmid on selection plates (Fig. 2a). In this test,
cells harboring the plasmid with a functional centromere and the
CRISPR-PIN plasmid showed 77.5 ± 6.3% plasmid stability. As ex-
pected, when the CEN sequence was removed, plasmid stability
dropped to 4.6 ± 0.8%. Using the CRISPR-PIN system, we found that
plasmid segregation increased to 12.6 ± 1.3%. This result and level of
increase is commensurate with a previous study that fused the kine-
tochore component Dam1 to the transcriptional repressor TetR for
binding to 10 copies of TetO sites on the acentric plasmid [20]. How-
ever, our approach was obtained with only a single gRNA site. Sur-
prisingly, expression of multiple, distinct gRNAs targeted to the plasmid
did not improve plasmid stability, suggesting a potential limitation of
Esc1-Doc availability at the nuclear periphery or titration of effective
gRNA (Fig. 2b).

Finally, we sought to test whether this level of plasmid segregation
could enable sustained growth on selective medium. To do so, we
measured the phenotypic effect of localization by a spot plate assay
using –URA –HIS plates. In this assay, the CRISPR-PIN plasmid enabled
maintenance of the acentric plasmid and nearly completely rescued the
growth defect seen in a cell lacking gRNA expression (Fig. 2c). Thus,
CRISPR-PIN enabled the proper segregation of an acentric plasmid and
enabled a growth rate akin to the CEN-containing control. Overall,
synthetic segregation of an acentric plasmid validated that CRISPR-PIN
could affect a significant phenotypic change through localization to the
nuclear periphery.

3.3. Re-localization of chromosomal loci using CRISPR-PIN

Having demonstrated artificial localization and segregation of
plasmids, we next sought to localize endogenous chromosomal loci to
the nuclear periphery. In this regard, we were motivated by prior stu-
dies whereby ectopic insertion of a single gene recruitment sequence
(GRS I) has been shown to increase perinuclear localization of the URA4
locus [26]. To utilize a singular gRNA design, we integrated the BFP
gene downstream of each of our target loci. We used a similar approach
to visualize gene position, in which TetR was fused with YFP, a TetO
array was integrated downstream of BFP at each gene locus, and YFP
localization was determined via confocal microscopy and used as a
read-out of gene position (Fig. 3a). The effectiveness of our system was
validated here by organizing a series of gene loci including SCO2, ABP1,
SAC7, HXK1, and IDI1, which are located on chromosomes II, III, IV, VI,
and XVI, respectively. As a point of comparison, a previous study in-
corporated the bacterial LexA protein fused with the C-terminal domain
of Esc1 (LexA-Esc1C) along with insertion of four LexA sites upstream of
HXK1. In this construct, the perinuclear association was increased from
near 60% to slightly over 80% when cultured in glucose-containing
medium. Using our CRISPR-PIN approach, we observed a similar net
increase of perinuclear localization from 51.3 ± 4.5% to 71.5 ± 4.2%
with only a single gRNA site for localization. We also observed a similar
net increase of 17%, 16%, 18%, and 15% perinuclear gene localization
for SCO2, ABP1, SAC7, and IDI1, respectively (Fig. 3b–c). Thus, we
believe that CRISPR-PIN can provide generalizable localization of de-
sired genes simply by expressing a complementary gRNA.

3.4. Conclusion

Through this work we demonstrate a new synthetic biology tool
termed CRISPR-PIN that can reorganize the chromosome and localize

Fig. 2. CRISPR-PIN aids the segregation of acen-
tric plasmid. (a) A schematic diagram depicting the
concept of the plasmid stability test. Cells are co-
transformed with the acentric plasmids and CRISPR-
PIN. A control plasmid containing a centromere un-
dergoes normal segregation, whereas the acentric
plasmid lacking a centromere fails to segregate
properly. The presence of CRISPR-PIN with expres-
sion of gRNA targeting the plasmid assists the mitotic
process, resulting in more stable acentric plasmid
segregation. Abbreviation: CEN, centromere; gRNA,
single guide RNA. (b) Quantification of plasmid sta-
bility. Data are collected by counting three synthetic
dropout plates (n = 3), and presented in mean and
standard deviation. *P < 0.05, **P < 0.01,
***P < 0.001 by ANOVA followed by pairwise
Welch's independent 2-sample t-tests with Bonferroni
correction. (c) Spot assay of cells co-transformed the
acentric plasmids and CRISPR-PIN. 10-fold serial
dilutions of overnight-grown cells are spotted on
synthetic dropout plates. Growth was restored using
the CRISPR-PIN approach to a level on par with the
centromeric plasmid.

J.-L. Lin, et al. Synthetic and Systems Biotechnology 4 (2019) 73–78

76



desired genes to the nuclear periphery in yeast. We demonstrate the
phenotypic potential enabled by nuclear localization through segrega-
tion of an acentric plasmid. We further demonstrate the localization of
5 genes on different chromosomes to the nuclear periphery. In each of
these cases, we obtain results commensurate with standard TetR or
LexA DNA binding without their drawbacks. Thus, we believe our
CRISPR-PIN strategy may be utilized as a powerful tool to study the
effect of gene localization on desired phenotypes. Particularly, since our
approach requires no genetic modification, it provides an facile method
to alter the location of native chromosomal loci. It still remains to be
investigated how gene loci tethered using CRISPR-PIN interact bio-
physically with the nuclear periphery to influence various phenotypes,
but the current iteration of the technique has overcome the previous
bottleneck of scalable and robust synthetic localization via the easy
programmability of gRNAs. We thus foresee that CRISPR-PIN will en-
able new approaches in the fields of synthetic biology, chromosomal
biology, and biomedical research.
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